In this paper the consistency of the de Sitter invariant α-vacua, which have been introduced as simple tools to study the effects of transplanckian physics, is investigated. In particular possible non renormalization problems are discussed, as well as non standard properties of Greens functions. We also discuss the non thermal properties of the α-vacua and the necessity of α to change. The conclusion is that non of these problems necessarily exclude an application of the α-vacua to inflation.
Introduction
The main driving force behind recent work on transplanckian physics in cosmology, is to find out whether physics beyond the Planck scale can give effects on the CMBR spectrum, . A crucial ingredient in inflationary cosmology is that microscopic quantum fluctuations are magnified by inflation into macroscopic seeds for galaxy formation. In standard inflation the modes of the inflaton field can be carried back in time to eras when they were much smaller than the Planck scale. For small scales the expansion of the universe can be ignored and a unique vacuum can be chosen for the inflaton. This is the Bunch-Davies vacuum. But the construction ignores the Planck scale and the natural expectation that physics beyond the Planck scale is very different from physics at low energies, and not possible to describe using a quantum field theory. The hope would be that transplanckian physics modifies the standard scenario and that the effects are magnified through inflation to leave visible imprints in the CMBR fluctuations.
There are two main approaches to investigate whether the above proposal is viable. One possibility is to use specific models of transplanckian physics, examples include models involving non commutative geometry, and investigate how this will change the predictions of inflation. Another possibility is to leave the details of the transplanckian physics for later work, and impose a cutoff on the theory at the Planck scale, or some other scale like the strings scale, where fundamentally new physics is expected. Our ignorance of the high energy physics is then encoded in the choice of initial conditions for the field modes when they start out at planckian size. Contrary to the standard scenario, the initial conditions are imposed in a situation where the time dependence of the background can not be ignored. Various natural ways of choosing the vacuum, minimal uncertainty, adiabatic to all orders etc., now give different results. The Bunch-Davies vacuum remains as a possibility but there are also other possibilities that also can be argued to be natural. A conservative approach is then to investigate the span of possibilities and see what effects, if any, they give on the CMBR. In [27] it was argued that the generic size of the effects is expected to be of order H/Λ in the spectrum compared with the Bunch-Davies vacuum. To claim smaller effects one would need specific information about the nature of transplanckian physics. It is important to note that the generic effect is not a simple change in normalization of the spectrum but has a definite signature in the form of a modulation.
The simplified approach discussed in [27] [29], which is not tied to specific models of transplanckian physics, allows for a detailed examination of the consequences and viability of the transplanckian proposal. As observed in [29] it essentially amounts to an investigation of the physics of the de Sitter invariant vacua introduced in [31] [32] [33] [34] , some times called the α-vacua. These vacua have also recently been discussed in the context of de Sitter holography, [35] [36] .
The purpose of this note is to address recent discussions in the literature, in particular [37] [38] [39] , where the consistency of the α-vacua is questioned. In the first two of the above mentioned works it has been pointed out that quantum field theory with α-vacua is not well understood. In particular there are problems with renormalizability and the definition of loop amplitudes, and there are also peculiarities in certain Greens functions that are claimed to suggest that the vacua does not make physical sense.
The outline of the note is as follows. In section two we review the construction of the α-vacua, in section three we focus on the problems of non renormalizability, in section four we discuss the large scale structure of the Greens functions, in section five how α might change with time, in section six the non-thermal nature of the α-vacua and, finally, we end with some conclusions.
Review of α-vacua
Let us briefly review how the α-vacua are constructed. We will focus on a single inflaton field, φ (x), and its quantization. The Wightman function G + (x, x ′ ) for the inflaton field is defined as
where the field is expanded in modes as
Operators are equipped with hats in all expressions. We then assume that these modes are obtained through Bogolubov transformations from the Bunch-Davies modes according to
with
A convenient parametrization is to write
where α = −∞ is the Bunch-Davies vacuum. For convenience we write
and demand, for simplicity, that
To proceed, let us recall a few elementary aspects of de Sitter geometry. The metric in terms of coordinates useful for inflationary cosmology is given by
where a (t) = e Ht is the scale factor. In terms of the conformal time η = − 1 aH the metric becomes
The inflationary universe can be viewed as the upper right triangle of the full de Sitter space, which has a Penrose diagram with the shape of a square, where η → −∞ corresponds to the Big Bang, while η → 0 is the infinite future. The lower half of de Sitter space can be covered if we also consider positive η. A crucial ingredient in the study of the α-vacua is the antipodal map, which in the above coordinates takes x = (η, x) into x = (−η, x), and acts like a map between the two halves of de Sitter space.
With the help of the antipodal map the Bogolubov transformation can now be written
and the Wightman function becomes
After this brief review of the α-vacua we will now turn to the main subject of the paper: do the α-vacua make physical sense?
3 Are loop amplitudes ill defined?
In [37] [38] problems with the definition of loop amplitudes were pointed out. In both papers one loop amplitudes were investigated and failed to give finite and well defined results. In [37] it was shown that non local counter terms in the action, involving insertions at image points, were needed. In [38] the analytic structure of the Greens functions indicated that pinched singularities in the loop integrations make the results ill defined. These problems are clearly of great interest and it is a challenge to make sense out of the field theory under these circumstances. But none of these problems are necessarily relevant to the issue of transplanckian physics in cosmology.
The reason is simple. The whole point with the transplanckian physics, as explained in the introduction, is to see whether effects beyond quantum field theory can be relevant for the detailed structure of the fluctuation spectrum of the CMBR. Without a planckian cutoff there is no reason to impose initial conditions at any finite scale. The only natural procedure is to go to the infinite past, when the modes are infinitely small, and make the choice there. For these small scales the expansion of the universe is irrelevant and there is a unique natural choice of vacuum. This would be the end of the story in a world without a Planck scale (and dynamical gravity) in which quantum field theory could be trusted to all energies. The issue of α-vacua, and transplanckian physics, would never arise. In the real world we do expect quantum field theory to break down at high enough energy to be replaced by something else, presumably string theory. To find out what kind of effects this new physics might have, we can try to modify the transplanckian physics by hand. One way to gain control over the situation is to impose a cutoff and assume quantum field theory to hold for energies below the cutoff. It is now the issue of vacuum choice becomes important. Since the Planck scale is not infinitely smaller than the inflationary Hubble scale, the time dependence of the background has to be taken into account, and there is no unique natural vacuum. In fact, there are certain α-vacua that are as natural a product of the unknown transplanckian physics as the Bunch-Davies vacuum. The modest proposal behind [27] is simply that we should allow for this uncertainty in the possible outcome and investigate the consequences.
To summarize, the issue of α-vacua only appears when one takes a planckian cutoff into account. This is perfectly consistent with the results of [38] . The α-vacua not only needs a planckian cutoff to be of physical relevance, they need a planckian cutoff to make physical sense. In other words, the quantum field theory loop amplitudes needs planckian input to give well defined answers.
In this context one should note that a rough cutoff in the sum over momenta and energies in (1) at the Planck scale, regulates the standard singularities in the Greens functions that occur when the insertions can be joined by a light ray. But it is not really these singularities that make trouble, it is rather those that are due to the image charges. But, as is easily seen, all terms in the Wightman function in (11) are regulated with this procedure. With these regulated Greens functions finite loop amplitudes can be constructed, even though their values are sensitive to exactly how the cutoff is implemented, that is, the results depend on transplanckian physics. The main point is that in a quantum gravity theory, where the Planck scale plays an important role, space time points are expected to be effectively smeared to a size of order Planck scale. That is, it is meaningless to claim, for instance, that you sit exactly on a light cone.
Many of the problems with the α-vacua are related to the image charges and their apparent non local nature. This is what we turn to next.
Do image charges break causality?
Another issue that has been brought up concerns the long distance behavior of the theory. As we have seen, the α-vacua can easily be constructed by allowing for image charges on the wrong side of de Sitter space. Greens functions might therefore receive contributions directly from a source but also through the image. This has caused concerns that the theory does not make physical sense and one might worry about problems of, e.g., causality.
It is, however, important to bear in mind the physical interpretations of the various Greens functions. The ones which are important for causality are the commutator and the retarded Greens functions, which are independent of the choice of vacuum and always vanish outside of the light cone. When physics depending on these Greens functions is studied, there is no difference between the standard Bunch-Davies vacuum and the more general α-vacua. Greens functions that do depend on the choice of vacua, and therefore are different for the α-vacua, are, e.g., the Feynman propagator and the Hadamard function. These are the ones that exhibit the extra singularities, outside of the light cone, that have caused some worries. One should note, however, that these Greens functions in general are expected to be non zero outside the light cone; the Bunch-Davies vacuum is no exception. Contrary to the commutator and retarded Greens function they encode information about the vacuum and correlations in the vacuum fluctuations. Unorthodox behavior, like in the case of the α-vacua, might seem surprising but does not necessarily imply that the theory is inconsistent.
Of particular interest in this context is the Hadamard function. Note that the Feynman propagator can be written in terms of the vacuum independent retarded and advanced Greens functions and the vacuum dependent Hadamard function. The extra singularities of the Hadamard function occur, if we consider points at equal time in Robertson-Walker coordinates, for points separated by the diameter of de Sitter space. They simply imply that the correlation between fluctuations at such points is enhanced. The vanishing of the commutator guarantees that this can not be used for communications and can not lead to any break of causality. The large separation between the points makes it a little difficult for an observer to actually measure the correlations, although it is suggested in [38] that interactions might facilitate this. As far as the transplanckian effects are concerned, this is, however, not really the main point. When inflation ends the full structure of the Hadamard function will become visible and available to the CMBR. As suggested in [29] , the end of inflation transforms the meta observables of [41] into real observables. Unfortunately, the direct detection of correlations over distances of the order the de Sitter diameter is not possible. At the end of inflation, the modes relevant for the CMBR are much larger than the de Sitter diameter, and the direct as well as the image mediated fluctuations are hidden in the extremely small scales. The only aspect that is claimed to be of relevance for the CMBR is a possible large scale tail.
[39] reached the same conclusion as in the present work concerning the irrelevance of correlations over spatial distances in the Feynman propagator. The authors of [39] continued, however, by pointing out that even though the singularities are harmless, a propagator that behaves like in Minkowsky space for small distances does not suffer from them anyway. Small distances and Minkowsky behavior can certainly be reached in the present universe well above the Planck scale. But, as has already been emphasized, the situation is very different during inflation when the Planck scale might be just a few orders of magnitude smaller than the inflationary scale. In such a universe Minkowsky behavior can not be reached before transplanckian physics make quantum field theory irrelevant. This way of arguing for the Bunch-Davies vacuum therefore lacks force.
Finally, it should be noted that it is essential for the consistency of the vacua that we restrict ourselves to half of de Sitter space. As pointed out already in [32] , the direction of time changes on the wrong side of de Sitter. This also guarantees that there is no retarded propagator connecting an image charge with anything on the right half of de Sitter space. 
Can α change with H?
In [39] it is argued that α can not vary with a changing H. The reason, according to [39] , is that local physics can not know about how H changes and consequently α must remain constant. Since present day physics requires e α to be substantially lower than any value that would be of interest to inflation, and α can not change with time, all interesting effects due to transplanckian physics are excluded.
However, one should note that even the Bunch-Davies modes have a dependence on H. This is easily seen from the Fourier transform of a Bunch-Davies mode given by
where k is the comoving momentum. The form when the mode is created at the fundamental scale is obtained by using p = k/a = Λ and recalling that η = − 1 aH . The result has a dependence on H, and the planckian physics preparing the modes in a Bunch-Davies state therefore needs to know about the value of H. In a pure quantum field theory world the dependence is naturally generated through the expansion of the universe while the mode is in the transplanckian regime. A further dependence on H through α is not qualitatively much different and it is easy to see that such a dependence is quite natural and local. The scale factor depends on time through a (t) = e Ht , with the expansion of space as a local effect taking place everywhere. The conjugate time interval associated with a mode of energy Λ is 1/Λ, and during this time interval space expands by a factor e H(t+1/Λ)−Ht = e H/Λ ∼ 1 + H Λ . This is true also for spatial distances close to the Planck scale and it is therefore natural to expect effects of the order H Λ . This is immediately obvious from looking at the Bunch-Davies modes above, but transplanckian physics might lead to an additional dependence on
The simplest, and most natural dependence, is that we have
and that this remains true at all times. Not only during inflation. However, in [42] it has been pointed out that even this small value of e α could be in conflict with present day measurements of high energy gamma rays. A vacuum of the type above, it is claimed, would lead to a higher rate of particle creation than what is acceptable. The discrepancy is not large, considering the sensitivity of the argument to the detailed astro-physics involved -it is a matter of an order of magnitude or two -but it nevertheless suggests that a more complicated behavior than the one above might be needed. This is precisely the subject of [43] where the vacuum relaxes towards the Bunch-Davies vacuum once inflation is over. At any rate, high energy gamma rays could, as suggested in [42] , be another way to probe planckian physics in an expanding universe. One should also investigate how these effects might vary due to local variations in H.
6 Will the α-vacua thermalize?
As discussed in [35] [38] [39] the α-vacua are not thermal. One effect of this is that a detector in an α-vacuum will not end up in thermal equilibrium. An equilibrium will be reached [38] [39] , but it will not be thermal in character and in general not obey the laws of detailed balance. For a detector with just two levels, equilibrium trivially implies detailed balance between the two levels even though the occupation numbers will be non standard. With three levels, however, the situation is more unusual. Instead of detailed balance between any two levels, there will be a net transition rate from, say, level one to level two, from level two to level three and then back to level one. This is a consequence of the non thermal nature of the background and does not imply any inconsistent physics of the detector. A question one can ask, however, is whether and how such a background can sustain itself. Will there be processes that act to thermalize the background?
In [39] it is argued based on holography and complementarity that this will indeed be the case. The main argument is that, according to a specific observer in de Sitter space, any perturbation will be redshifted as it approaches the de Sitter horizon and apparently boiled to pieces through the ever higher temperature that the perturbation experiences according to the observer. All perturbations will inevitably be thermalized. One would conclude from this that all traces of physics taking place on smaller scales than the horizon will be erased and the featureless and thermal BunchDavies modes are the only thing that remains. However, this is slightly problematic if we take a point of view based on the Robertson-Walker coordinates in (8) . We can now follow the modes through the de Sitter horizon and see how they freeze when they expand and become larger than the de Sitter radius. The analogue would be to follow an observer who ventures inside a black hole and find that nothing peculiar or dramatic happens near the horizon. And this seems to be the appropriate point of view to take when discussing fluctuations generated through inflation. Holography and complementarity are intriguing concepts that could be important for cosmology, but for this particular exercise they do not seem to be relevant. As observers of the CMBR we are more in the position of an observer inside a black hole rather than one on the outside.
A more conservative approach would be to predict the evolution of the fluctuations without thinking about holography. Any effect that would threaten to thermalize the α-vacua must then be due to interactions. To be specific one could imagine a thermal background with a small perturbation that starts out at Planck scale. It is important to note that the temperature is very low with the thermal wave length of the order of the de Sitter radius itself. As a consequence a planckian mode is relatively safe in the beginning. As it redshifts, and its energy decreases towards the de Sitter temperature, the thermalization effects should become more important. This happens over a period of time a few times the inverse temperature. But at the same time the mode will expand past the horizon and freeze. One seems to conclude that the thermalization effects could be important in an interacting theory, but it is not clear that they will suppress any difference with respect to the Bunch-Davies vacuum by orders of magnitude. Much less wipe out any difference completely. Clearly more detailed work is needed to make a precise prediction.
Conclusions
In this short note we have discussed a few of the problems of transplanckian physics that can be addressed in the simplified framework of α-vacua. Our conclusion is that the peculiar image singularities of the Feynman propagator, as well as problems with non renormalization, do not necessarily imply the ruling out of transplanckian effects. A true inconsistency at this level would have had dramatic implications. Without observational input we would have been able to exclude all models of transplanckian physics that result in other vacua than the Bunch-Davies, including the non commutative examples discussed in, e.g., [12] . We do not believe that such strong conclusions can be drawn from work done so far. We have furthermore considered the way α might change. We do not see any fundamental difficulties in this respect but note that the work of [42] shows that there are important constraints coming from present day physics. Issues of thermalization also need further investigation but we do not think that any argument based on holography put forward so far gives any meaningful constraints.
To summarize, we believe that the essence of the arguments of [39] is the following claim: it is not consistent to assume a fixed high energy cut off where unknown transplanckian physics delivers states different form the Bunch-Davies vacuum. An important point of the present paper is that possible problems are not visible in the cutoff theory. All problems must rely on claims about contributions from energy scales above the cutoff, energy densities etc., and speculations about transplanckian physics. Clearly, more work is needed to figure out how unorthodox transplanckian physics really can be.
